Learning-related plasticity is critical for emotional memory. In this issue of Neuron, Abs et al., (2018) describe novel dynamics mediated by neurogliaform cells in layer 1 neocortex of mouse that are associated with aversive memory.
The most superficial layer of the mammalian neocortex (layer 1, L1) contains far fewer neuronal somata than the other cortical layers (less than 0.5% of all cells in a cortical column). For example, in the cat visual cortex, about 1,000 neuronal somata/mm 3 have been estimated in L1 versus more than 100,000 somata/mm 3 in deeper cortical layers (for references and further discussion, see Muralidhar et al., 2014) . Virtually all the neuronal somata of L1 neocortex are GABAergic cells, and they comprise several distinct neuron types. Despite the paucity of cell bodies in L1, these GABAergic neurons are likely to play critical roles in cortical processing. Their wiring connectivity within cortical circuits enables them to gate information from extrinsic inputsmainly the thalamus and other cortical areas carrying attentional and cognitive information-and in turn inhibit the tuft dendrites of L2/3 and L5 pyramidal neurons. Furthermore, L1 interneurons also target L1 and L2/3 interneurons (Jiang et al., 2015) , and this results in disinhibition of downstream pyramidal neurons. The interneurons of L1 also receive excitatory inputs from ascending axons of L2/3 and L5 pyramidal neurons, thereby providing feedback inhibition, and some of these interneurons can be reciprocally connected by gap junctions (Jiang et al., 2015) .
Recent evidence suggests that disinhibitory mechanisms involving GABAergic interneurons of L1 neocortex represent key cellular substrates for behavior. For example, Letzkus et al. (2011) showed that acquisition of associative fear memories depends on the cholinergic-mediated recruitment of L1 interneurons leading to disinhibition of pyramidal neurons via inhibition of L2/3 parvalbumin (PV)-expressing interneurons of the mouse auditory cortex. This view has been supported by other studies suggesting that L1 interneurons alter, via disinhibition, the perisomatic excitation-inhibition balance and in this way contribute to behavior (Lovett-Barron and Losonczy, 2014). Thus, L1-mediated disinhibition may play an important role in learning and memory processing. However, little is known about the behavioral role of direct inhibition by L1 interneurons on the distal apical dendrite of pyramidal neurons. Now, Abs et al. (2018) investigate the role of one major L1 interneuron typenamely, the elongated neurogliaform cell (NGC)-on associative fear memory and compare it to another cortical dendritetargeting interneuron type, the Martinotti cell, in the mouse. The NGC type has been characterized in the cortex by Gabor Tamá s's group and others as having dense axonal arborization, high presynaptic bouton density often spatially located at a greater than usual distance from their target postsynaptic membrane, volume transmission of GABA, and slow GABA A and GABA B receptor-mediated synaptic responses (Overstreet-Wadiche and McBain, 2015) . Martinotti cells are a heterogeneous group of cortical interneurons in L2-L6 with various axonal innervation domains of pyramidal neurons, including the distal apical dendrites (Muñ oz et al., 2017) . To selectively label L1 interneurons, the authors used a transcriptome-wide approach and identified neuron-derived neurotrophic factor (NDNF) as a marker gene. NDNF is coexpressed with the cortical interneuron markers reelin, neuropeptide Y, and neuronal nitric oxide synthase, but not with more common interneuron markers such as PV, somatostatin (SST), or vasoactive intestinal peptide (VIP). They found that NDNF is expressed in about two thirds of L1 interneurons labeling only the elongated NGC type. Then, they generated two Ndnf-promoterdependent transgenic mouse lines that express Cre-ERT2 and flippase and used these novel transgenic lines to elucidate the functional connectivity and the behavioral role of NDNF interneurons.
First, Abs et al. (2018) aimed to elucidate how NDNF interneurons are incorporated in the local circuit ( Figure 1A) . They mapped the axonal target regions of NDNF interneurons by expressing synaptophysin-GFP in NDNF-Ires-Cre-ERT2 mice, and they observed that the distribution of NDNF-positive axon terminals was mainly restricted within the L1, with only some axonal branches detected in L2/3. Then they optogenetically stimulated the axons of NDNF interneurons and, for comparison, those of SST interneurons in acute brain slices to directly examine their output targets. They calibrated the light intensity to ensure that the stimulation reliably evoked one presynaptic action potential and found that both NDNF interneurons and SST interneurons evoked monosynaptic responses in L2/3 pyramidal neurons and in interneurons, but with different characteristics, confirming previous data obtained with paired recordings (Szabadics et al., 2007) . Namely, NDNF interneurons evoked slow rising and decaying inhibitory postsynaptic potentials mediated by GABA A and GABA B receptors that strongly depressed upon repetitive stimulation. In contrast, SST interneurons elicited faster inhibitory postsynaptic potentials only mediated by GABA A receptors that only weakly depressed. Abbreviations: neuron-derived neurotrophic factor, NDNF; somatostatin, SST; medial geniculate body, MGB; somatosensory cortex, S1; pyramidal neurons, PNs; interneurons, INs; act., activation.
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How does the dendritic inhibition of NDNF interneurons influence pyramidal neuron activity? The authors addressed this question using in vitro electrophysiology and in vivo 2-photon Ca 2+ imaging. First, they investigated whether the NDNF-interneuron-mediated inhibition could reduce the dendritic Ca 2+ spike in acute slices. The after-depolarization evoked by high-frequency spike trains detected in somatic recordings from pyramidal neurons served as an index of the dendritic spike initiation. The activation of NDNF interneurons reduced the afterdepolarization, consistent with dendritic Ca 2+ spike inhibition observed previously (Palmer et al., 2012) . Next, they sparsely labeled pyramidal neurons with GCaMP6s and tdTomato in NDNF-Ires-FlpO mice and observed that NDNF interneuron activation during sensory stimulation inhibited dendritic Ca 2+ events in pyramidal neurons ( Figure 1B, left) .
Next, the authors examined the synaptic inputs impinging on NDNF interneurons by using a modified rabies-viral vector-assisted labeling approach. The results indicated that L1 NDNF interneurons of the auditory cortex receive excitatory synaptic inputs from a broader range of brain regions than cortical interneurons expressing PV, SST, or VIP. Optogenetic experiments led to the conclusion that SST interneurons represent the major local inhibitory source to NDNF interneurons.
How does the activity of dendritetargeting interneurons encode auditory information? The authors used 2-photon Ca 2+ imaging in vivo to investigate how the activity of SST interneurons and NDNF interneurons changes during auditory stimulation with white noise stimuli of increasing intensity. These stimuli progressively evoked stronger Ca 2+ signals in SST interneuron somata or axons, but evoked the opposite trend in NDNF interneurons. The latter trend appeared to be caused by the progressive activation of SST interneurons because the Ca 2+ responses detected in NDNF interneurons were phase locked to the response observed in SST interneurons (Figure 1B , right) and because the Ca 2+ dynamics observed in NDNF interneurons were abolished after the inhibition of SST interneurons with tetanus toxin. Overall, these results revealed tight temporal control exerted by SST interneurons onto NDNF interneurons and their scaled output in response to scaled auditory input.
Finally, how does dendritic inhibition contribute to associative fear memory? The authors performed in vivo Ca 2+ imaging in head-fixed mice and measured the change of pupil diameter as a readout of fear expression. During habituation, the conditioned stimulus (CS, tone) activated 28% of NDNF interneurons and inhibited 13% of NDNF interneurons. Strikingly, during fear memory recall, the Ca 2+ activity evoked by CS was further increased in most NDNF interneurons, and this change was also positively correlated with the animal's freezing time. Notably, a modest increase in Ca 2+ signal in NDNF interneurons was also observed in response to CSÀ, a tone different to the CS+, which was used as alternative stimulus during habituation. In contrast to NDNF interneurons, the Ca 2+ activity in SST interneurons remained unchanged during auditory fear learning or memory retrieval ( Figure 1C) .
The results from Abs et al. (2018) mark significant progress in the understanding of the role of cortical L1 neuron types on associative learning and memory. The generation of the two novel mouse lines allowed unprecedented dissection of the functional role of a specific cortical GABAergic cell. Moreover, the results show a behavioral role for direct dendritic inhibition of pyramidal neurons in addition to the disynaptic disinhibition of the perisomatic domain of pyramidal neurons via L2/3 interneurons, which has been previously reported (Letzkus et al., 2011) . The combination of dendritic inhibition and perisomatic disinhibition provides further evidence that a redistribution of synaptic inhibition impinging on different compartments, soma versus dendrites of pyramidal neurons, represents a key and behaviorally relevant mode of operation in cortical circuits (Somogyi et al., 2014) .
These new data raise several novel questions regarding cortical wiring diagrams. Elongated NGCs are not the only GABAergic neuron type that populate L1 cortex, and further research is needed to elucidate the behavioral role of other interneurons of L1. Furthermore, NDNF interneurons have been mainly characterized in the auditory cortex, and to a lesser extent in the prefrontal cortex in the pre-sent study. It would be useful to extend the use of the novel NDNF transgenic mouse lines to characterize NGCs present in other cortical areas as well as in the hippocampus, basolateral amygdala, or striatum. Furthermore, work performed by Gabor Tamá s's group demonstrated that cortical NGCs suppress connections between other neurons that act on presynaptic terminals (Overstreet-Wadiche and McBain, 2015) . Therefore, it would be interesting to explore the control by NDNF interneurons of afferent information arriving to L1. The result that a minority of NDNF interneurons are inhibited and not excited by the CS opens up the possibility that elongated NGCs are interconnected by strong inhibitory synapses (Jiang et al., 2015) or that different subtypes of elongated NGCs are present in the L1 cortex.
What input triggers L1 NDNF interneurons? The present study provides a first map of inputs, but it does not clarify which are the most physiologically relevant. The idea that afferents from the cholinergic basal forebrain trigger the activity of rodents' NDNF interneurons is attractive but requires experimental evidence. The different roles of NDNF interneurons and SST interneurons are intriguing, but their specific contribution to network oscillations and behavior need to be better understood. Future research should further investigate the functional consequences of NDNF interneurons' promotion of somatic stimulus representation and simultaneous inhibition of dendritic excitability. Perhaps one function of NDNF-interneuron-mediated inhibition of dendritic domains of cortical pyramidal neurons is to restrain the induction of synaptic plasticity after memory is formed.
The medial prefrontal cortex (mPFC) is important for control of social behavior and is commonly studied in disorders of social dysfunction. Here, Liang et al. (2018) perform calcium imaging in the mPFC of freely behaving mice, elucidating the complex dynamics of mPFC neurons during social behavior and changes in activity after pharmacological disruption.
Social interactions constitute a large fraction of the sensory experience of many organisms. Social behaviors such as mating, territorial defense, and rearing of young are critical to the reproductive success of a species, and the brain circuits that govern them are heavily evolutionarily conserved (Chen and Hong, 2018) . For species such as mice that normally live in social groups, isolation from members of one's species can cause profound stress and bodywide changes in neuropeptide levels (Zelikowsky et al., 2018) .
In addition to sensory regions and subcortical structures, the medial prefrontal cortex (mPFC) is known to play a role in social behavior (Kim et al., 2015) . Several studies have investigated mPFC activity in mouse models of social dysfunction and found that perturbations of mPFC function lead to impairments in social behavior (Yizhar et al., 2011) . But due to the technical challenge of recording from the brains of behaving animals, it has historically been difficult to directly study the neural correlates of social cues and behaviors in mice, or to observe the effects of experimental perturbations on neural activity.
In this issue of Neuron, Liang et al. (2018) overcame this challenge using their group's previously published miniScope (Barbera et al., 2016) , one of a growing number of lightweight devices for optically or electrophysiologically recording neural population activity in a behaving animal. Specifically, the authors imaged the fluorescence of calcium indicator GCaMP6f expressed in dorsal prelimbic cortex, using the CamKII promoter to target predominantly excitatory neurons. They collected imaging data from an impressive 18 animals during a threestage social interaction task, which they repeated across multiple days to test the stability of observed activity.
A second and less resolved challenge facing social neuroscience is one of experimental design and analysis. Social behavior can be viewed as an ongoing decision-making process, where the animal decides on a moment-to-moment basis how to interact with another mouse. Neural activity at a given moment might therefore reflect (1) the animal's own actions; (2) sensory cues from the other mouse, both stationary (olfactory or vomeronasal cues) and dynamic (perceptions of the other animal's actions); or (3) the unknown computation underlying the animal's choices of what behaviors to perform. All three of these options are out of the direct control of the experimenter, and at best are only partially observed.
To gain some control of this situation, the authors used a social behavior assay called ''Crawley's sociability and preference for social novelty test,'' consisting of three 10-min stages performed in an open arena with two wire mesh containers placed in opposite corners. Following a first stage of habituation to the arena, a male mouse is added to one mesh container; the imaged animal's preference for investigating the other male is taken to be a measure of its ''sociability.'' In the third stage of testing, a second male is added to the second mesh container, allowing experimenters to assess the animal's preference for interacting with this relatively less familiar conspecific, or its ''preference for social novelty.'' This approach
